Fucoidan induces apoptosis by activating caspase-8 in human MCF-7 breast cancer cells, but the detailed mechanism for this is not understood. We demonstrate here that fucoidan interacted with the cell surface, and silencing the 1 -integrin gene expression inhibited fucoidan-induced apoptosis accompanied by caspase-8 activation. Fucoidan induced formation of the 1 -integrin-caspase-8 complex. These data indicate that 1 -integrin is an important factor for the cell-surface binding of fucoidan and plays an important role in fucoidan-induced apoptosis. Fucoidan also induced recruitment of caspase-8 to the 1 -integrin intracellular domain, cleaved it into the activated protein by direct combination with 1 -integrin, and induced apoptosis via the caspase cascade in MCF-7 cells.
Fucoidan is the collective name for algal sulfated polysaccharides extracted from brown seaweeds, and the structure of fucoidan consists mainly of polymers formed by a branched polysaccharide sulfate ester with an L-fucose binding block. 1) Fucoidan is known to interact with such proteins as fibroblast growth factor-1 and -2, and the annexin II tetramer, [2] [3] [4] [5] [6] and also such cell-membrane proteins as vascular endothelial growth factor receptor-1 and -2, neuropilin-1, and P-selectin, and then to exert various biological functions for enhancing the migration and inhibition of cell adhesion. 7, 8) It has been reported that fucoidan interacted with the integrin 5 subunit and modified the intracellular distribution without any effects on the wholecell expression of 5 and 1 in MDA-MB-231 cells. 9) However, the significance of fucoidan binding to the cell surface on these biological effects remains to be clarified.
We have previously reported that fucoidan had cytotoxic effects and induced apoptosis in MCF-7 breast cancer cells, and that the effect was triggered via a pathway dependent upon caspase-8 activation.
10) The activation of caspase-8 is mediated by such death receptors as Fas, the tumor necrosis factor (TNF) receptor, and TNF-related apoptosis-inducing ligand receptor. 11) However, it has recently been proposed that integrin-mediated death (IMD) was induced by caspase-8 activation via integrin without any involvement of the death receptors. 12, 13) It has also been reported that a form of cell death named anoikis occurred when cells were denied adhesion to a ligand like integrin. 14, 15) Although anoikis occurs as the consequence of a loss of integrinmediated attachment, another concept of IMD has been proposed in which the antagonized or unligated state of integrins 1 and 3 can also promote apoptosis independently of cell detachment. 12, 13) The cells in IMD show induced activation of caspase-8 and subsequent apoptosis via the caspase-dependent cascade. It is not yet known whether or not integrins are involved in fucoidan-induced apoptosis accompanied by the activation of caspase-8.
We show in this study that fucoidan interacted with the cell surface and this was markedly reduced by silencing 1 -integrin in MCF-7 human breast cancer cells. Our results also demonstrate that 1 -integrin associated with caspase-8 upon treatment with fucoidan and may play an important role in fucoidan-induced apoptosis.
Materials and Methods
Reagents. Fucoidan was presented by NPO Organization Fucoidan Laboratory. Antibodies to poly(ADP-ribose) polymerase (PARP) and 1 -integrin, and normal goat IgG were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA), caspase-8 was purchased from Cell Signaling Technology (Danvers, MA, USA), -actin and Gly-ArgGly-Asp-Ser were purchased from Sigma (St. Louis, MO, USA), and horseradish peroxidase (HRP)-conjugated anti-mouse IgG and HRPconjugated anti-rabbit IgG were obtained from Zymed (San Francisco, CA, USA). Fetal bovine serum (FBS) was purchased from BioSource (Camarillo, CA, USA).
Cell culture and stimulation. MCF-7 cells derived from human breast cancer cells were maintained at 37 C in a humidified atmosphere containing 5% CO 2 in an RPMI-1640 medium (Nissui Pharmaceutical Co., Tokyo, Japan) supplemented with 5% FBS. These cells were cultured in the medium for 24 h, and then cultured in the presence of fucoidan or a vehicle (phosphate-buffered saline (PBS)) for appropriate periods. The number of viable attached cells was counted after trypsinization by 0.2% trypsin-0.025% ethylene diamine tetraacetic acid (EDTA) in PBS by using the trypan blue exclusion method.
Construction of 1 -integrin-suppressed cells. The psiRNA-hH1 (G2 kit) short hairpin RNA expression vector including the siScramble shRNA vector was purchased from InvivoGen (San Diego, CA, USA). One insert was selected as the target sequence for shRNA: shRNAsense (5 0 -GTA CCT CAC TGT GAT AGA TCC AAT GGC TTC AAG AGA GCC ATT GGA TCT ATC ACA GTT TTT TTG GAA A-3 0 ), and shRNA-antisense (5 0 -AGC TTT TCC AAA AAA ACT GTG ATA GAT CCA ATG GCT CTC TTG AAG CCA TTG GAT CTA TCA CAG TGA G-3 0 ). This insert was annealed and subcloned into psiRNA-hH1 (G2) which was then linearized with BbsI. These vectors were transfected into the MCF-7 cells by electroporation, and a clone with hygromycin resistance was then selected and used for the subsequent experiments.
Immunoprecipitation and immunoblotting analysis. A whole-cell extract was prepared by suspending the cells in a lysis buffer containing 50 mM Tris-HCl at pH 7.5, 150 mM NaCl, 1% Triton-X100, 5 mM EDTA, 50 mM NaF, 1 mM PMSF, 2 mg/mL of aprotinin, and 1 mM pervanadate. After standing on ice for 30 min, the supernatant was collected at 4 C by centrifugation at 15;000 Â g for 20 min. The protein concentration in the supernatant was determined with a BCA Protein Assay Reagent kit (Pierce, Rockford, IL, USA). We used an immunoprecipitation procedure to detect the 1 -integrin-caspase-8 complex. Briefly, the anti-1 -integrin antibody or normal goat IgG was added to protein A-agarose beads at 4 C for 3 h. The cell extract was immunoprecipitated with the anti-1 -integrin antibody or normal goat IgG prebound to the beads at 4 C for 4 h, and then the antibodyantigen complex was extensively washed with a lysis buffer. Each sample was mixed with an equal volume of a 1Â SDS-polyacrylamide gel electrophoresis (SDS-PAGE) buffer containing 2% 2-mercaptoethanol and then subjected to electrophoresis. The lysate containing 10 mg of protein was subjected to 10% SDS-PAGE, and then transferred on to a Protoran nitrocellulose membrane (Schleicher and Schuell, Dassel, Germany). Membrane blocking was performed by using 5% bovine serum albumin (BSA; Roche, Mannheim, Germany) for 1 h for 37 C. Antibody binding was detected by using an enhanced chemiluminescence kit with hyper-ECL (Amersham, Buckinghamshire, UK). -Actin was used as an indicator to establish the equality of lane loading.
Binding analysis using a surface plasmon resonance (SPR) biosensor. The interaction between fucoidan and the surface of the MCF-7 cells was analyzed by using an SPR670 biosensor (Nippon Laser and Electronics Lab., Nagoya, Japan). MCF-7 cells were immobilized on the sensor chip (Nippon Laser and Electronic Lab.) at 6:0 Â 10 3 cells, and then the chip was equilibrated in an SPR running buffer (PBS at pH 7.4, 30 mL/min). Fucoidan was diluted at 0 or 500 mg/mL in the SPR running buffer in a 60-mL injection volume and at a flow rate of 30 mL/min. Binding was measured at 25 C for 2 min, followed by dissociation. The value of the angle in the SPR data corresponds to the binding strength.
Statistical analysis. Data were analyzed by Student's t test to evaluate the significance of differences, and p < 0:05 is regarded as being statistically significant.
Results

Interaction between fucoidan and the cell membrane on MCF-7 cells
To clarify the role of 1-integrin on the binding between fucoidan and the MCF-7 cell surface, we first suppressed 1 -integrin gene expression on the MCF-7 cells ( 1 siRNA cells) by small interfering RNA (siRNA) silencing (Fig. 1) . We then evaluated the association between fucoidan and the cell surface of the MCF-7 cells. Figure 2A shows the interaction between fucoidan and the surface of the cell membrane on each MCF-7 cell (wild-type, mock (tansfected siScramble shRNA vector), and 1 siRNA). Figure 2Aa shows no difference in binding rate between the wildtype and mock cells by the SPR analysis. In contrast, Fig. 2Ab shows that the binding rate of the 1 siRNA cells was less by an average of 41% than that of the mock controls (Fig. 2B) . These results indicate that fucoidan associated with the surface of the MCF-7 cells and that binding was strongly suppressed by 1 -integrin silencing. These results also suggest other cell-membrane factors binding to fucoidan on the MCF-7 cells.
Silencing 1 -integrin prevented the cytotoxic effect of fucoidan
We have previously reported that fucoidan had a cytotoxic effect on MCF-7 cells, and it has recently been shown that cell proliferation was regulated by 1 -integrin. 10, 12, 13) We examined whether or not the disruption of 1 -integrin was responsible for the cytotoxic effect of fucoidan. We measured the number of viable attached MCF-7, wild-type, mock, and 1 siRNA cells after 72 h of cultivation in the presence of 0, 1, 10, and 100 mg/mL of fucoidan. Figure 3 shows that fucoidan enhanced cytotoxicity toward the wild-type and mock cells in a dose-dependent manner, and a significant difference was detected between none and fucoidan at a concentration of 100 mg/mL with both cell types. On the other hand, these cytotoxic effects of fucoidan were prevented by silencing 1 -integrin. The prevention of fucoidan-induced apoptosis was observed with some clonal cell lines by silencing 1 -integrin (data not shown). These findings demonstrate that the cytotoxic effect of fucoidan was regulated by 1 -integrin. Effects of silencing 1 -integrin on the fucoidaninduced apoptosis-related proteins Caspase-8 is one of the initiator caspases that can directly activate downstream effector caspases or apoptosis-related proteins such as Bid and Bax and induce apoptosis via cleavage of PARP. 11, [16] [17] [18] [19] [20] It has also been shown that the activation of caspase-8 and PARP cleavage was the primary pathway for the fucoidaninduced apoptosis of MCF-7 cells. 10) To demonstrate the involvement of 1 -integrin silencing in fucoidaninduced apoptosis via the activation of caspase-8 and PARP cleavage, we evaluated changes in active caspase-8 and the PARP proteins in the presence or absence of fucoidan for each type of MCF-7 cell. Figure 4 shows that fucoidan activated caspase-8 and the PARP proteins in the wild-type and mock cells. In contrast, this phenomenon was not apparent in the 1 siRNA cells after their treatment with fucoidan. These results indicate that 1 -integrin played an important role in fucoidan-induced apoptosis via the activation of caspase-8, and that this was the major pathway for MCF-7 cells.
Alleviation of fucoidan-induced apoptosis by GlyArg-Gly-Asp-Ser of MCF-7 cells
To consolidate the notion that fucoidan-induced apoptosis was induced by intermediation through 1 -integrin, we examined whether or not Gly-Arg-Gly-AspSer as an antagonist of the integrin function could alleviate the cytotoxic effect of fucoidan on MCF-7 cells. We measured the number of viable attached MCF-7 cells after 72 h of cultivation with 0, 10, 50, and 100 mg/mL of fucoidan in the presence or absence of Gly-Arg-GlyAsp-Ser. Figure 5 shows that the cytotoxic effect of fucoidan on MCF-7 cells was alleviated by the treatment with Gly-Arg-Gly-Asp-Ser, and a significant difference was apparent between the presence and absence of GlyArg-Gly-Asp-Ser at concentrations of 50 and 100 mg/ mL. These results demonstrate that fucoidan-induced apoptosis was mediated by 1 -integrin. caspase-8 without the involvement of the death-inducing signaling complex (DISC), leading to the activation of caspase-8 and resulting apoptosis via the caspasedependent apoptotic cascade. 13, 21) If IMD were to underlie fucoidan-induced apoptosis, we speculated that there must be direct interaction between 1 -integrin and caspase-8. To determine whether 1 -integrin and caspase-8 interacted in the fucoidan-induced apoptosis of MCF-7 cells, we tried to detect the 1 -integrin-caspase-8 complex by an immunoprecipitation assay. Each cell lysate treated with fucoidan was immunoprecipitated with the anti-1 -integrin antibody and analyzed by western blotting with the anti-caspase-8 antibody. Figure 6A shows that cells after the fucoidan treatment were strongly associated with 1 -integrin at 24 h and 48 h. However, the cells without fucoidan stimulation contained little of the 1 -integrin-caspase-8 complex.
The complex formed by treating with fucoidan could not be detected by using normal goat IgG as the control of anti-1 -integrin on immunoprecipitation at that time (Fig. 6B) . These results together clearly indicate that 1 -integrin and caspase-8 directly associated upon the fucoidan treatment.
Discussion
This study was focused on identifying the effector of caspase-8 activation and on clarifying the mechanism for fucoidan-induced apoptosis in MCF-7 human breast cancer cells.
Fucoidan is known to interact with various cellmembrane proteins, [7] [8] [9] which are called ''receptors,'' one of which is integrin. Although the interactions between integrins and other molecules are important in integrin signaling, 22) the roles of integrins when fucoidan binds to the cell surface have not previously been clarified.
To examine the involvement of the interaction between fucoidan and 1 -integrin in fucoidan-induced apoptosis in this study, we suppressed the 1 -integrin gene expression in MCF-7 cells, which normally express this protein on the cell membrane, 23) and evaluated the binding between fucoidan and the cell surface. The results show that fucoidan bound strongly to the surface of wild-type and mock MCF-7 cells, whereas the association between fucoidan and the cell membrane was less in 1 siRNA cells. This is the first study, to our knowledge, to show that 1 -integrin played an important role in the interaction between fucoidan and the surface of MCF-7 cells.
As already described, IMD has been defined as apoptotic cell death elicited by 1 -and 3 -integrin antagonism, 12, 13) although it is not clear whether or not fucoidan can trigger IMD. We have shown in this study that fucoidan-induced cell death was inhibited by knocking down 1 -integrin gene expression in the MCF-7 cells. We could also demonstrate that the cytotoxic effect of fucoidan on MCF-7 cells was alleviated by the treatment with Gly-Arg-Gly-Asp-Ser. Furthermore, the activation of caspase-8 and fragmentation of PARP were also suppressed in 1 siRNA cells by the treatment with fucoidan. These results indicate that 1 -integrin regulated fucoidan-induced apoptosis accompanied by the activation of caspase-8, and also that this is the major pathway for fucoidan-induced apoptosis. These results furthermore suggest that the binding between fucoidan and the cell surface triggered apoptosis because the binding rate was depressed in the 1 -integrin knockdown cells. It is generally true in the case of apoptosis via the activation of caspase-8 that ligation of such death receptor and death ligand complexes as Fas and the Fas ligand induces formation of the Fas-associated death domain, and then that procaspase-8 is rapidly recruited to form a complex with Fas, so-called DISC. 24, 25) In the context of this cascade, procaspase-8 is activated by dimerization and further heterotetramerized to the mature form of caspase-8 which is released into the cytoplasm. 26, 27) However, in the case of IMD, caspase-8 is directly clustered with 1 -or 3 -integrin without involving DISC, cleaved, and released into the cyto- plasm, after which the cells undergo apoptosis via a caspase-dependent pathway. 13, 21, 28) In this case, it is essential to form a complex of 1 -integrin-caspase-8. We therefore evaluated construction of the 1 -integrincaspase-8 complex with the fucoidan treatment. We also showed that caspase-8 was associated with 1 -integrin and activated on MCF-7 cells that had been treated with fucoidan. The treatment with fucoidan resulted in caspase-8 being recruited to the 1 -integrin intracellular domain, where it was cleaved and activated by direct combination with 1 -integrin. The results of the present study imply that fucoidan may have induced the recruitment of caspase-8 from the cytoplasm to the 1 -integrin intracellular domain and caused apoptosis by interacting with the 1 -integrin extracellular domain on the plasma membrane of MCF-7 cells.
In summary, our findings have demonstrated that 1 -integrin played an important role in the interaction between fucoidan and the cell surface that was indispensable for caspase-8 activation and the resulting apoptotic death of MCF-7 cells. These findings suggest that fucoidan could be a promising candidate for the chemoprevention of cancer to target 1 -integrin, and that the therapeutic value of fucoidan would be an interesting topic for further investigation. MCF-7 cells (1:0 Â 10 6 cells/dish) were treated for 48 h with 100 mg/mL of fucoidan or the vehicle in an RPMI-1640 medium containing 1% FBS. To detect the complex of 1 -integrin and caspase-8, the 1 -integrin protein was immunoprecipitated by using an anti-1 -integrin antibody or normal goat IgG, and then caspase-8 was detected with the anti-caspase-8 antibody by western blotting. Data are presented as the value of band intensity relative to that of the wild-type control evaluated by the ratios to -actin and each apoptosis-related protein.
